The coiled coil is a ubiquitous motif that guides many different protein-protein interactions. The accepted hallmark of coiled coils is a sevenresidue (heptad) sequence repeat. The positions of this repeat are labelled a-b-c-d-e-f-g, with residues at a and d tending to be hydrophobic. Such sequences form amphipathic ␣-helices, which assemble into helical bundles via knobs-into-holes interdigitation of residues from neighbouring helices. We wrote an algorithm, SOCKET, to identify this packing in protein structures, and used this to gather a database of coiled-coil structures from the Protein Data Bank. Surprisingly, in addition to commonly accepted structures with a single, contiguous heptad repeat, we identified sequences with multiple, offset heptad repeats. These 'new' sequence patterns help to explain oligomer-state specification in coiled coils. Here we focus on the structural consequences for sequences with two heptad repeats offset by two residues, i.e. a/fЈ-b/gЈ-c/aЈ-d/bЈ-e/cЈ-f/dЈ-g/eЈ. This sets up two hydrophobic seams on opposite sides of the helix formed. We describe how such helices may combine to bury these hydrophobic surfaces in two different ways and form two distinct structures: open '␣-sheets' and closed '␣-cylinders'. We highlight these with descriptions of natural structures and outline possibilities for protein design.
Introduction
The coiled coil is a ubiquitous protein-structure motif, which guides and cements a wide variety of protein-protein interactions [1] . Over the last decade, the leucine zipper [2, 3] has provided the best experimental system for studying coiled-coil folding, structure and design. Through this work the leucine zipper has assumed the position of archetypal coiled coil. However, the majority of coiled coils do not assemble as short, parallel dimers like the leucine zippers ( Figure 1a ). Rather, they form a wide variety of assemblies in which oligomer state, helix length and helix orientation vary. Moreover, many coiled coils assemble further, and beyond the primary coiled-coil interaction.
Studies on wild type, mutant and designer leucine-zipper peptides have, nonetheless, proved pivotal in reaching our current understanding of coiledcoil folding, structure and assembly. For example, the crystal structure of the leucine-zipper region of the yeast transcriptional activator GCN4 provided the first high-resolution view of a coiled coil [4] , and confirmed Crick's 40-yearold, 'knobs-into-holes' (KIH) theory for coiled-coil packing [5] . Crick's earlier work had provided inspiration for determining the seven-residue signature of coiled-coil sequences, which was first achieved for tropomyosin [6] . In turn, this prompted much of Hodges' significant coiled-coil design work [7, 8] . Similarly, the crystal structure of the leucine zipper sparked studies that led to the development and testing of rules for oligomer-state selection [9] [10] [11] [12] and partner selection in coiled coils [13] [14] [15] [16] , and also a number of successful protein designs [8, [17] [18] [19] .
The question is: how well does what we have learned about the relatively straightforward leucine-zipper system relate to larger, more-complicated coiled-coil assemblies? This is important because of the aforementioned structural diversity of natural coiled coils. In addition, for design studies, we would like to know if we have exhausted all topology and oligomer-state possibilities for coiled-coil assemblies. One aspect of our own research is to extend and develop theories for coiled-coil assemblies, and to apply and test these in protein design [18] [19] [20] . showing the core residues. This, and subsequent, protein-structure ribbon diagrams were created using MOLSCRIPT [39] .
Heptad-repeat sequences and KIH packing
Despite the variety of lengths, oligomer states and topologies observed for coiled-coil structures, their sequences usually display similar patterns known as heptad repeats [1] . The seven residues of a heptad are labelled a-b-cd-e-f-g and the residues at a and d are usually hydrophobic. A contiguous array of heptads gives a heptad repeat in which hydrophobic side-chains alternate every third and fourth residue. Breaks in heptad repeats are known. These can either be irregular [21] or regular, to the extent that they alter the overall repeating pattern in the sequence [20] . Furthermore, coiled-coil-like structures without any canonical heptads have been postulated and even designed successfully [22] [23] [24] . For sequences of natural amino acids at least, non-heptad inserts appear to destabilize coiled coils (M.R. Hicks and D.N. Woolfson, unpublished work). It is possible that, particularly for larger coiled-coil proteins, non-heptad repeats modulate the stabilities of these assemblies. In addition, they may contribute also to partner selection [20] . These points aside, the heptad repeat is the most abundant, and appears to be the most appropriate, building block for the coiled coil. Indeed, it is the accepted hallmark of the coiled-coil sequences.
The structural consequences of a seven-residue repeat were first pointed out by Crick [5] . Briefly, in a heptad repeat an average alternating pattern of one hydrophobic side chain in every 3.5 residues occurs. This almost matches the 3.6 residues per turn of the ␣-helix. Thus, the hydrophobic residues of a coiled coil fall on the same side of the helix, to give an amphipathic structure (Figure 1b) . The marriage of two such hydrophobic seams results in helical assemblies, which are stabilized by the burial of hydrocarbon from water ( Figure 1c) . However, because the average separation of hydrophobic residues does not match the ␣-helical repeat precisely, successive a and d residues fall short of their counterparts in the preceding heptad, and the hydrophobic seam winds around the surface of the helix. Consequently, in order to maintain a buried interface the helices have to wrap, or supercoil, around each other, which led to the term 'coiled coil' (Figure 1) .
A further significant discovery by Crick was that the side chains in coiled-coil interfaces mesh extremely effectively ( Figure 2 ) [5] . For parallel structures, residues at a and d form 'knobs' on one helix that dock into 'holes' on the partner, which are diamonds of residues made by d Ϫ1 g Ϫ1 ad and by adea ϩ1 , respectively ( Figure 3 ). The subscripts, ϩ1 and Ϫ1, refer to positions in heptads following and preceding respectively the heptad providing the knob. In the antiparallel case the situation is reversed, with a and d knobs fitting into adea ϩ1 and d Ϫ1 g Ϫ1 ad holes. These arrangements are examples of KIH packing and differ from the looser 'ridges-into-grooves' packing associated with other helix-helix interactions, particularly those in globular proteins [25] .
Since Crick made his proposals, it has been shown that, with some caveats, the interlacing of C ␣ positions ( Figure 2 ) is a general feature of helixhelix packing [26] , and is not restricted to the context of heptad repeats and coiled coils. However, true KIH packing involves the interlacing of side chains [27] . The nature of the interdigitating interface formed by this interlacing is quite distinct from the aforementioned ridges-into-grooves helix-packing, and we can distinguish the two types irrespective of the C ␣ positions using our own software, SOCKET (see below).
Another distinguishing feature of KIH packing is that it leads to helixhelix packing angles (⍀) of approx. 20Њ, which are much slighter than packing angles that predominate in globular helix-helix interactions. For heptad-based coiled coils, ⍀ Ϸ Ϫ20Њ, which denotes left-handed supercoiling (Figures 1a and  2 ). This can be understood from the argument above: one heptad repeat falls short of two complete turns (7.2 residues) of a right-handed ␣-helix and, therefore, the resulting supercoil is in the opposite sense to twist direction of the helix. By contrast, coiled coils made from helices with pure 11-residue, hendecad, repeats have a right-handed twist and ⍀ is positive [20, [22] [23] [24] .
The slight packing-angles of coiled coils lead to KIH interdigitation of side chains over long helical distances [28, 29] . This intimate packing is almost certainly responsible for the stabilities of leucine zippers and related structures, which are unusually high given their small size and the fact that they are oligomers. This point, coupled with our excellent understanding of coiled-coil folding, structure and assembly, opens up considerable opportunities for the design of self-assembling systems based on small, synthetically accessible peptides.
Sequences and structures with multiple, offset heptad repeats
We developed SOCKET to recognize KIH packing and assign unambiguously heptad registers in protein structures. We applied SOCKET to all the structures in the Protein Data Bank (PDB [30] ) to collect a complete database of true coiled-coil structures. Details of SOCKET and our database will be presented elsewhere. We focus here on an interesting observation that we made during the analysis of the protein structures and the structural possibilities that this opens up for natural and designer coiled-coil assemblies.
As expected, the search of the PDB identified sequences with single heptad repeats. Surprisingly, however, we also found sequences with two or more heptad repeats offset from one another. For example, in most cases the helices of coiled-coil trimers, tetramers and pentamers displayed two offset heptad repeats. These resulted in two hydrophobic seams, each of which could be assigned to a different helix-helix interface. Briefly, dimeric coiled coils have a single heptad repeat, which gives a single seam and one interface (Figure 4a ). Trimers and higher-order structures have two repeats, both of which set up different hydrophobic seams and, in turn, assemble to give distinguishable interfaces (for example see Figure 4b ). In essence, this results in assemblies with cyclical KIH interfaces ( Figure 5 ). In addition, we observed more-complex arrangements. For instance, the core of the ectodomain of gp41 from HIV [31] has six helices. Three central (N36) helices form a parallel trimer, which is abutted on each face by another helix (C34) running antiparallel to the central helices. As a result, each central helix effectively has four interfaces (Figure 5d ). We will describe these high-order coiled-coil assemblies in detail elsewhere.
For two superimposed heptads there are three possible 'sequence offsets' of 1, 2 and 3 residue(s), which are equivalent to six-, five-and four-residue offsets, respectively. For a regular 3.6-residue-per-turn ␣-helix, these set up two hydrophobic faces with 'angular offsets' of 100Њ, 160Њ (360ЊϪ200Њ) and 60Њ (360ЊϪ300Њ), respectively, around the outside of the helix. This is best seen on a helical wheel (e.g. Figure 4c ). If helical supercoiling is taken into account, i.e. assuming 3.5 residues per turn and using the accepted helical-wheel representation for the coiled coil (Figure 4b ), these angular offsets are altered to 103Њ, 154Њ and 51Њ, respectively. However, both sets of angles are oversimplifications when considering helix-helix interactions in actual coiled-coil systems because side-chain size, geometry and packing also affect the helix interfaces [9, 10, 32] . Nonetheless, we found that many natural coiled-coil assemblies were consistent with the approximate angular offsets; trimers could be considered as having overlapping heptads separated by three residues (angular offset ϭ 51/60Њ). On the other hand, tetrameric and pentameric coiled coils were often variations on a theme, with two heptad repeats offset by one residue (100/103Њ).
Two heptad repeats offset by two residues: ␣-sheet and ␣-cylinder constructions
Sequence offsets of two residues are potentially more interesting than the one-and three-residue offsets. This is because of the possibility of placing hydrophobic (H) residues at a, c, d and f, with c and f effectively making up the aЈ and dЈ positions of the second, offset heptad. This is represented below, where P signifies polar (non-core) residues.
Such sequence patterns would result in two hydrophobic seams with a wide angular-separation (154/160Њ), which would place them roughly on opposite sides of the helix (Figure 4b and 4c) . Furthermore, it offers two possibilities for parallel helix-helix packing arrangements: syn, where two similar faces, i. (Figure 6b ). It is important to note that for antiparallel pairs of helices syn-typic association should lead to cylinders, whereas sheets should be formed from anti-typic antiparallel interfaces.
We found two three-stranded ␣-sheet structures in the PDB: in a domain from colicin Ia [33] , and within variants of a surface glycoprotein from a trypanosome [34, 35] . The recently reported structure for TolC provides the first example of an ␣-cylinder [36] .
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Natural ␣-sheets
We found the first examples of ␣-sheets in MITat 1.2 and ILTat 1.24, which are variant surface glycoproteins (VSGs) of the coat of the trypanosome that causes sleeping sickness [34, 35] . These proteins have low sequence identity (approx. 20%), but have the same fold, which is a homodimer dominated by four long, antiparallel helices. The two antiparallel helices, denoted A and B, in each monomer are separated by a short loop. SOCKET revealed antiparallel KIH packing over short ranges close to the interhelical loops in both structures. In addition, the A-helix heptad exhibited a second heptad repeat offset by two residues, which interfaces with a third, parallel, helix (S) in the same chain. This structure is shown in Figure 7(a) and 7(b) .
The second example of an ␣-sheet came from the structure of colicin Ia from Escherichia coli [33] . There are three marked differences between this and the VSG structures. First, helices T1, T2 and T3 of the translocation domain pack side-by-side, but in an all-antiparallel arrangement. Secondly, although it is the central helix (T2) that has two seams, and makes KIH interactions with the peripheral helices, the seams do not overlap in the sequence; the seam on one side of T2 terminates before the other begins. Finally, in the VSG structures, the 'sheets' of helices B, A and S meet by means of contacts between the B and S helices of the two subunits, forming a narrow barrel-like motif. The packing between the two monomers is not KIH.
A natural ␣-cylinder
TolC has two ␣-barrel-like domains [36] . Both have 12 helices from three monomers. In the lower barrel, each helix pairs with another from the same protomer to form separate supercoiled, antiparallel coiled coils. SOCKET analysis revealed extensive antiparallel KIH interactions within these pairs, but not between them. In contrast, the helices of the upper barrel appear to pack more uniformly, albeit with a slant, giving rise to an ␣-cylinder. The SOCKET output for this part of the structure revealed many fewer KIH interactions than were found in the lower barrel (Figure 7c ). Furthermore, KIH interactions were not contiguous around the cylinder and, in particular, they were more extensive between helices in the same monomer, but less regular between the helices abutting the monomers. In our view, the TolC barrel represents a variation of the cylinders we propose. Nevertheless, we were able to assign heptad registers for the helices of the upper barrel unambiguously. This revealed knobs at relative a, c, d and f positions and syn-typic association of two seams between adjacent helices, i.e. fully consistent with the theory outlined above.
Opportunities for protein design
In summary, the TolC barrel represents a variation on the ␣-cylinder that we propose, and the three-helix structures from colicin Ia and VSG are the first, albeit the simplest conceivable, examples of ␣-sheets. These structures demonstrate that unusual coiled-coil assemblies are possible and we expect to see more natural examples.
What are the prospects for design? At least two other considerations will be necessary when exploring possibilities for peptide-design work. First, most adjacent helices in the natural ␣-sheets and all those in TolC are antiparallel. As indicated above, although the details of KIH packing differ between parallel and antiparallel structures, the basic principles do not. Therefore, we believe that it will be possible to construct ␣-sheets and ␣-cylinders using helices in parallel. The use of parallel helices does have one interesting consequence for the construction of ␣-cylinders: as the pairing in these structures is anti-typic, a residues on one helix partner c residues of a neighbouring helix at the same level in the structure. Similarly, d and f residues pair at the intervening levels. The result will be that successive helices will be translated up the helix and cylinder axes by two residues, which is equivalent to approx. 3 Å. Attempts to construct ␣-cylinders from parallel helices will give spirals of helices (Figure 8) , which may or may not close. However, this is potentially extremely interesting as it opens up possibilities for making peptide-based nanotubes.
A second consideration for ␣-cylinder construction is the consequences of helix and coiled-coil supercoiling. The upper barrel of TolC has 12 helices. Based on a structure of parallel helices with canonical supercoiling, i.e. an angular separation of 154Њ between the two seams in each helix, we calculated that the cylinder should close at 14 helices. However, variations in helix number are expected. One reason for this is that helices cannot supercoil in two directions simultaneously, and some distortion is required to maintain packing at both interfaces. We found structural precedents for this in the PDB where tight KIH packing was maintained [37] . Indeed, the central helices of the three-helix ␣-sheets are straight (Figure 7b ). (The slanting of the helices in the upper barrel of TolC may offer a compromise between straight and supercoiled helices.) Assuming the packing of completely straight helices, the angular offset becomes 160Њ and 18 helices would close a cylinder. However, given that, as in three-, four-and five-stranded coiled coils, side chains mediate the helix-helix contact angles, other oligomerization states might be possible [9, 10, 32] . We calculate that small adjustments in the angular offset between 144Њ and 162Њ varies the helix number from ten to 20.
Returning to peptide nanotubes, one possibility would be to direct helix straightening by design. This could be achieved by combining the aforementioned 7-and 11-residue repeats. The effect would be to eliminate the overall hydrophobic displacement. In other words, alternating heptad and hendecad repeats give an 18-residue repeat to match the ␣-helical repeat; in the ␣-helix, 18 residues span five helical turns exactly. Incidentally, the dimer interface of GrpE provides a natural precedent for this motif [38] . Combining this with the above argument about helix translation it may be possible to create a completely closed peptide nantotube: in the parallel, straight helix case there would be 18 helices per turn of the 'cylinder', and the rise per turn is 36 residues. Thus, a 36-residue peptide with a 7-11-7-11 repeat offset by two residues should form a spiral of helices the ends of which meet to close the tube. 
